Abstract: Production of unsettleable sewage sludge with high water content is one of the problems of intensification of industrial activities and environmental protection. Sewage sludge with low toxic metals concentrations can be utilized as fertilizer and soil conditioner in agriculture. For determination of metal bioavailability, a wide range of extraction protocols and fractionation analyses can be used. We studied the distribution and quantified the leaching and bioavailability of zinc from dried anaerobic sludge by simultaneous, multi-step and three different sequential extraction protocols. For determination of zinc, the galvanostatic stripping chronopotentiometry (SCP) and electrothermal atomic absorption spectrometry (ETAAS) were used. The distribution of Zn in sequential extraction protocols was determined using a fivestep chemical fractionation procedures (BCR, Tessier and Van Hullebusch protocols O extraction) and pseudo total (aqua regia extraction and ETAAS analyses) content of Zn in sludge was determined. The amount of aqua regia extractable zinc in sludge samples was 650 ± 12 mg/kg (d.w.). We found out that the zinc was extractable from anaerobic sludge in first hour of contact time for all tested agents. Zinc was extracted with highest efficiency by 0.1 mol/dm 3 (NH 4 ) 2 C 2 O 4 .H 2 O, 0.1 mol/dm 3 HCl and 0.1 mol/dm 3 Na 2 EDTA. Sequential extraction protocols showed that the maximum extractable amount of zinc 126.3 ± 2.6 mg Zn / kg d.w. was bound to organic matter and sulfides. High concentrations of zinc in residual fractions were leachable under extraction conditions of strong acids only.
Introduction
The amount of sewage sludge from wastewater treatment plants and a number of technological processes in the world are constantly increasing. Production of unsettleable sewage sludge with high water content is one of the problems of intensification of industrial activities and environmental protection. Sewage sludge with low toxic metals concentration can be utilized as fertilizer and soil conditioner in agriculture. Information about metal binding into sorption sites of sludges are limited for application of sludges into the soil. The ecological and toxicological effect of potentially toxic metals from sewage sludge on agro-ecosystem is directly related to their partitioning between mobile and complexed species in the highly heterogeneous soil system (MERRINGTON et al., 1997) . Many factors influence this partitioning of toxic metals in soil amended with sludge including the soil and sludge characteristics.
Thus, it is necessary to realize that for a safe use of sewage sludge as soil conditioner, the undesirable elements have to be removed, so reducing environmental contamination to a minimum.
For extraction of heavy metals from sewage sludges, a variety of single and sequential extraction techniques can be used. These techniques were recently reviewed by BABEL and DACERA (2006) . However, owing to the wide range of extractants used in these extraction techniques, the results obtained were not comparable. In 1987, the Community Bureau of Reference (BCR) started a programme to harmonize the methodology used in sequential extraction schemes for determination of metals in soils and sediments (URE et al., 1993) . The methodology was successfully applied to different types of sewage sludges (FUENTES et al., 2004) . The type of applied sequential extraction scheme can lead to the anomalies in the results, as sequential extraction schemes are greatly influenced by the type of extractants used, the operating conditions (pH, contact time and temperature) and the sequence in which the extractions steps are applied. VAN HULLEBUSCH et al. (2005) compared the sequential extraction procedure by TESSIER et al. (1979) , the procedure according to STOVER et al. (1976) , the BCR protocol for fractionation of Co, Ni, Cu, Zn, Mn and Fe.
The main aim of our paper was to describe distribution, leaching and bioavailability of zinc from dried anaerobic sludge by simultaneous, multi-step and sequential extraction protocols. Owing to the scarcity of data associated with the characterization and fractionation of heavy metals in anaerobic sludge from municipal wastewater treatment plants, this paper produces a useful data for an area disposal for this type of waste as soil conditioner.
Materials and method

Sample
Anaerobic digested sludge was obtained from mechanical-biological waste water treatment plant (WWTP) in Zeleneč (Slovak Republic). After washing in deionised water, sludge biomass was oven dried at 105°C for 48 h, ground, sieved and stored in closed bottles at laboratory temperature. For extraction experiments fraction < 2 mm was used.
Total (aqua regia extractable) zinc fraction
The pseudototal concentration of zinc in sludge samples was estimated by aqua regia extraction in triplicate. Extracts were analysed by atomic absorption spectrometry with electrothermal atomization (ETAAS) device Shimadzu AA-6300 (USA) with electrothermal atomizers Shimadzu GFA-EX7i using an automatic dispenser Shimadzu ASC 6100 and background correction method of Smith-Hieftje, after microwave digestion of the samples by the Multiwave system MW 3000 (Anton Paar GmbH, AUS). ) was isolated from the sediment after each extraction step. Sediment was used in the next extraction step. All experiments were carried out in triplicates.
Single-step extractable zinc
Sequential extractable zinc
For investigation of the distribution of zinc among different fractions of anaerobic sludge, the following extraction protocol was used: 1. Modified extraction protocol by TESSIER (1979) for analysis of soil and sediments (Tab. 1), 2. Extraction protocol for sewage sludge according to VAN HULLEBUSCH et al. (2005) (Tab. 2), 3. BCR extraction protocol (Tab. 3). In all cases, 1g of dried anaerobic sludge sample was used. 
Treatment of extracts and galvanostatic stripping chronopotentiometry
Zinc in extracts was determined by galvanostatic stripping chronopotentiometry on macroporous electrode E104 L using electrochemical analyser EcaFlow model GLP 150 (Istran, Ltd., Bratislava, Slovakia). 5 ml of extracts was added to flask with 20-30 ml 0.1 mol/dm 3 HCl and 0.5 ml 0.01 mol/dm 3 KMnO 4 . The solution was heated to 80-95 °C for 5-10 min. Oxalic acid was added to reduce the excess of permanganate. The volume of samples was adjusted to 50 ml with 0.1 mol/dm 3 HCl. Solid particles were removed by filtering, centrifugation or sedimentation. 
Results and discussion
Pseudototal zinc content
Concentration of mobile zinc in the sewage sludge is important for using the sludge as soil conditioner and fertilizer. In our paper, pseudototal zinc content in anaerobic sewage sludge refers to the fraction of aqua regia soluble. The amount of zinc in sludge samples was 649.5 ± 12 mg/kg (d.w.). This digestion is considered adequate for analysing total-recoverable heavy metals in soils (MEERS et al., 2007) . Residual elements that are not released by aqua regia digestion are mostly bound to silicate minerals and are considered unimportant for estimating the mobility and behaviour of metals (NISKAVAARA et al., 1997) . Concentration of zinc determined by ETAAS was comparable with concentration determined by stripping chronopotentiometry.
Single-step and multi-step extraction protocols
It has been reported that the addition of different amendments to soil changes soil reaction and consequently the mobility and bioavailability of potentially toxic metals (HETTIARACHCHI and PIERZYNSKI, 2004) . It is widely recognized that not all chemical forms of potentially chemical metals interact with living organisms in the same manner and that their potential bioavailability has to be considered when assesing soil pollution. However, no single method is recognized universally (TICA et al., 2011) . Simultaneous and multi-step extractions are one of possible techniques for quantification of leachable elements from soil, sediments and sludge. As extracting agents in extraction procedures, strong acid and their mixtures (HNO 3 , H 2 SO 4, HCl, aqua regia), neutral solution of salts (CaCl 2 , MgCl 2 , NaCl), pending puffer and complex-forming agents (Na 2 EDTA) can be used (MEERS et al., 2007) . The extraction protocols used in our paper were initially developed for the assessment of zinc bioavailability but they are also used for the assessment of potentially toxic metals released from the sludge enriched soils and their consequent potential availability to all soil organisms (McLAUGHLIN et al., 2000) . In our paper, 10 extracting agents for determination of mobile fraction of zinc in anaerobic digested sludge were used. We found out that zinc is extractable from anaerobic sludge in the first hour of contact time. Zinc was extracted with highest efficiency by 0.1 mol/dm 3 (NH 4 ) 2 C 2 O 4 .H 2 O, 0.1 mol/dm 3 HCl and 0.1 mol/dm 3 Na 2 EDTA. Sediments of all extraction protocols were extracted subsequently 5 times. The efficiency of agents increases to the third step of extraction process (Fig. 1) . Extraction efficiency of used extracting agents decreases in order: 0.1 mol/dm 3 HCl (408.82 ± 9.23 mg/kg) > 0.1 mol/dm 3 Na 2 EDTA (383.12 ± 7.14 mg/kg) > 0.1 mol/dm 3 HNO 3 (81.72 ± 3.54 mg/kg) > 0.1 mol/dm 3 (NH 4 ) 2 C 2 O 4 .H 2 O (77.87 ± 3.27 mg/kg)> 0.1 mol/dm 3 CaCl 2 (36.54 ± 1.88 mg/kg) > 0.1 mol/dm 3 CH 3 COOH (36.12 ± 1.87 mg/kg) > deionized water (26.22 ± 1.41 mg/kg) > rain water (24.54 ± 1.71 mg/kg) > 0.9% NaCl (16.89 ± 1.03 mg/kg) > 0.1 mol/dm 3 MgCl 2 (14.32 ± 0.98 mg/kg). Nonextractable zinc fraction was electrochemically quantified in residual sediment after the fifth step of extraction protocol and aqua regia digestion. The sum of total extractable zinc and nonextractable zinc corresponded to the concentration detected by ETAAS in the initial characterization studies (as can be seen in chapter 3.1).
Fraction analyses of zinc by sequential extraction protocols
Results of the three extraction protocols for the zinc concentration are presented in Tab. 5 and Fig. 2 . For each extraction, three samples were simultaneously analysed to determine the precision of the measurements. Tab. 4 shows that all extraction protocols provide a satisfactory recovery of zinc from anaerobic sludge. The sum of four steps and of the residue expressed as percentages of the total concentration varies from 99 to 101 %. The reproducibility of the Tessier and BCR protocols is higher than the reproducibility of the Stover extraction scheme (RUDD et al., 1988) . (VOJTEKOVÁ and KRAKOVSKÁ, 2006) . Reducible fraction represents the content of zinc bound to Fe/Mn oxides that are released if matrix of sludge is subjected to reductive conditions. Iron and manganese oxides are relatively scarce in this organicrich sludge ( VAN HULLEBUSCH et al., 2005) . Leachable zinc into acetic acid and its salts can be regarded as almost quantitatively, without dissolving the organic fraction, oxides of Mn, Fe and aluminum silicate minerals (WILBER and HUNTER, 1979) . Sequential extraction by Tessier confirmed the presence of Zn bound to this fraction, respectively. Concentration of extracted zinc from sludge according to the Van Hullebusch protocol was below the limit of detection of equipments used. We found that the maximum extractable concentration of zinc 126.3 ± 2.6 mg Zn / kg d.w. was bound to organic matter and sulfides (Fig. 2) . Compared to the other two protocols, we found out that the fraction of zinc bound to organic matter and sulphides is major bioavailable fraction of zinc from anaerobic sludge. High concentrations of zinc in residual fractions are leachable under radical extraction conditions of strong acids only. The contents of Zn in the residual fractions obtained from the three sequential extraction protocols after exposure and microwave digestion are comparable to each other. NEMATI et al. (2009) determined reducible fraction of zinc to 39.9 ± 3.5 mg Zn / kg sewage sludge, oxidizable fraction of zinc bound to organic matter and sulfides in the amount of 58.1 ± 0.2 mg/kg of sludge. RUDD et al. (1988) showed that zinc sulfides precipitates are relatively difficult to extract in the sulfides
